ABSTRACT A modified gravity (MOG) theory, that has been successfully fitted to galaxy rotational velocity data, cluster data, the Bullet Cluster 1E0657-56 and cosmological observations, is shown to be in good agreement with the motion of satellite galaxies around host galaxies at distances 50-400 kpc.
INTRODUCTION
Dark matter has been used successfully to explain the rotational velocity data for galaxies and clusters of galaxies, lensing by galaxies and clusters of galaxies, and cosmological observations. Within the framework of general relativity (GR), this standard model of cosmology (ΛCDM) provides a successful description of the universe. The model predicts a universe that is composed of ∼ 4% normal baryonic matter and ∼ 24% non-baryonic cold dark matter (CDM), while the rest is made up of dark energy (Spergel et al. 2006) . However, dark matter has not been detected after much experimental effort. It is possible that exotic dark matter does not exist in sufficient quantities to explain the large amount of astrophysical and cosmological data. Instead, Newtonian gravity and GR must be modified to account for the data.
A relativistic MOG has been proposed to explain the astrophysical and large scale cosmological data (Moffat 2005 (Moffat , 2006 (Moffat , 2007 Moffat & Toth 2007a,b) without exotic dark matter. The simplest version of the MOG is a scalar-tensor-vector gravity (STVG) theory (Moffat 2006; Moffat & Toth 2007b) . The theory has been fitted remarkably well to the rotational velocity curve data of a large number of galaxies (Brownstein & Moffat 2006a; Moffat & Toth 2007b) , to the velocity dispersion of globular clusters (Moffat & Toth 2008) and to the mass and thermal profiles of clusters of galaxies (Brownstein & Moffat 2006b; Moffat & Toth 2007b) . It has also been fitted to the recent data of Clowe et al. (Clowe et al. 2006; Bradač et al. 2006 ) describing the dramatic merging of two clusters 1E0657-56 (Bullet Cluster) (Brownstein & Moffat 2007) . A successful fit to the CMB acoustical power spectrum data and mass power spectrum data has been achieved with MOG and a possible explanation of the acceleration of the universe appears naturally in the gravity theory (Moffat 2007; Moffat & Toth 2007a) .
Recently, Klypin & Prada (2007) presented an analysis of galaxy observations of the Sloan Digital Sky Survey (SDSS, http://www.sdss.org/) to test gravity and dark matter in the peripheral parts of galaxies at distances 50-400 kpc from the centers of galaxies. This field of extragalactic astronomy provides one of the main arguments for the presence of dark matter (Zaritsky & White 1994; Prada et al. 2003) . In the present work, we repeat part of this analysis and confirm that MOG predicts satellite galaxy velocities that are consistent with SDSS observations.
DATA ANALYSIS
The SDSS provides imaging data over 9500 deg 2 in five photometric bands. Galaxy spectra are determined by the CCD imaging and the SDSS 2.5m telescope on Apache Point, New Mexico. Over half a million galaxies brighter than Petrosian r-magnitude 17.77 over 7400 deg 2 are included in the SDSS data with a redshift accuracy better than 30 km/s.
We followed the analysis of Klypin & Prada (2007) and obtained a data set of nearly 700000 galaxies from the latest SDSS data release (Data Release 6, Adelman-McCarthy et al. (2008) ). We checked our query results by searching for, and locating several galaxies the parameters of which are known from the literature.
Rest frame absolute magnitudes can be computed in the SDSS g-band from the extinction-corrected apparent magnitudes assuming a Hubble constant H 0 ≃ 71 kms −1 Mpc −1 . All magnitudes were k-corrected to z = 0. SDSS redshifts are heliocentric; before calculating distances, we also took into account the solar system's motion relative to the CMB.
Due to the complications of calculating modified gravity for non-spherical objects, Klypin & Prada (2007) restricted their analysis only to red galaxies, the vast majority of which are either elliptical galaxies or are dominated by bulges. We followed a similar strategy, restricting our selection of candidate host galaxies to luminous red galaxies, as identified by Adelman-McCarthy et al. (2008) . We also restricted our selection to galaxies with a recession velocity between 3000 km/s and 25000 km/s, which yielded approximately 234000 galaxies in total.
Still continuing with the strategy laid out by Klypin & Prada (2007) , we identified a host galaxy as a galaxy that is at least 4 times brighter than any other galaxy within a projected distance of R = 1 Mpc and line-of-sight velocity within 1500 km/s that of the candidate host. Thereafter, we identified any galaxies at least 4 times fainter than the candidate host within a projected distance of 1 Mpc and with a line-of-sight velocity within 1500 km/s of that of the host as a candidate satellite galaxy. This strategy yielded a total of ∼3600 host galaxies with ∼8200 satellites. The procedure assigned a small percentage (∼ 1.5%) of satellites to multiple hosts; we made no attempt to eliminate these from the data set.
The velocity distribution of candidate satellites as a function of projected distance from candidate hosts is shown in Figure 1 (top left). We note that our choices of parameters (in particular, our choices of the factor four in the difference in luminosity between candidate hosts and satellites, or the restriction of hosts to luminous red galaxies) did not substantially affect the resulting distribution.
Obviously, the procedure outlined here does not guarantee that all candidate satellites are, in fact, true satellites of their respective candidate hosts. Indeed, one would expect a mix of satellite galaxies and a random background of interlopers. The number of interlopers should increase as a linear function of the projected distance, whereas the number of true satellites should peak at some typical satellite orbital radius. This expectation is confirmed if we plot the number density of candidate satellites as a function of projected distance (Figure 1  bottom left) . We are immediately presented with a possible editing strategy: after binning the data according to projected distance, we can remove a number of candidate satellites from the sample to account for the random background. By assuming that at 1 Mpc, none of the candidate satellites are, in fact, true satellites (i.e., all are random interlopers), we obtain a simple formulation: the number of galaxies to be removed from each bin is N 1Mpc R, where N 1Mpc is the number of candidate satellites at 1 Mpc. The resulting number density of candidate satellites is shown in Figure 1 (bottom right).
One question remains: what is a satellite? In other words, which galaxies are to be removed from the sample? We answer this question by noting that at a large projected distance from a candidate host, a candidate satellite is much less likely to be a true satellite of that host if its line-of-sight velocity also differs greatly from that of the host. Therefore, the candidate satellites that we remove from the sample are those with the greatest difference in line-of-sight velocity relative to the respective candidate host. The velocity distribution of the remaining satellites, shown in Figure 1 (top right), is the data set that we study. As this simplistic selection procedure tends to underestimate satellite velocities at high projected distance, in the following, we shall restrict our investigation to a projected distance of 400 kpc or less.
MODIFIED GRAVITY PREDICTIONS
Predictions for modified gravity can be made by solving the Jeans equation, which gives the radial velocity dispersion σ 2 r (r) as a function of radial distance. Klypin & Prada (2007) find that neither Newtonian gravity, nor MOND are compatible with observations. Angus et al. (2008) , however, demonstrated that a suitably chosen anisotropic model and appropriately chosen galaxy masses can be used to achieve a good fit for MOND.
Radial velocity dispersions in a spherically symmetric gravitational field can be computed using the Jeans equation (Binney & Tremaine, 1987) :
where ν is the spatial number density of particles, v r is the radial velocity,
2 r (r) is the velocity anisotropy, Φ(r) is the gravitational potential, and we are using spherical coordinates r, θ, φ. We can write Eq.(1) in the form
Here, we have
where
If we assume that the velocity distribution of satellite galaxies is isotropic, β = 0. In general, β needs to be neither zero nor constant. The number density of candidate satellites favors a value of γ ≃ −2.5. We note that our MOG predictions are not particularly sensitive to these parameters; no "fine-tuning" is needed to obtain good agreement with the data.
The observed velocity dispersion is along the observer's line of sight, seen as a function of the projected distance from the host galaxy. Therefore, it is necessary to integrate velocities along the line-of-sight:
where ν is the spatial number density of satellite galaxies as a function of distance from the host galaxy, and y is related to the projected distance R and 3-dimensional distance r by
Changing integration variables to eliminate y, we can express the observed line-of-sight velocity dispersion as a function of projected distance as
From the field equations derived from the STVG action, we obtain the modified Newtonian acceleration law for weak gravitational fields (Moffat 2006; Moffat & Toth 2007b ) of a point source with mass M :
where G N is the Newtonian gravitational constant, while the MOG parameters α and µ determine the coupling strength of the "fifth force" vector φ µ to baryon matter and the range of the force, respectively. In recent work (Moffat & Toth 2007b), we have been able to develop formulae that predict the values of the α and µ parameters, in the form
where the parameters
are determined from galaxy rotation curves and cosmological observations (Moffat & Toth 2007b) . The MOND acceleration g MOND is given by the solution of the non-linear equation
where M is the mass of only baryons and a 0 = 1.2 × 10 −8 cm sec −2 . The form of the function µ(x) originally proposed by Milgrom (Milgrom 1983 ) is given by µ(x) = x/ √ 1 + x 2 ; however, better fits and better asymptotic behavior are achieved using µ(x) = x/(1 + x) (Klypin & Prada 2007) .
Following in the footsteps of Klypin & Prada (2007) , we grouped satellite galaxy velocities for host galaxies in two luminosity ranges: −20.5 > M 1 g > −21.1, and −21.1 > M 2 g > −21.6. The corresponding masses for the host galaxies, calculated by Klypin & Prada (2007) on the basis of the work of Bell & de Jong (2001) , are We plotted the MOG prediction using these nominal masses and the values of β = 0, γ = −2.5, along with the predictions of MOND and Newtonian gravity using the same parameters. As Figure 2 shows, the MOG prediction is consistent with observational data, although MOG prefers a somewhat higher than nominal mass for the hosts; a least-squares fit yields M 1 * ≃ 9.3 × 10 10 M ⊙ and M 2 * ≃ 2.2 × 10 11 M ⊙ .
CONCLUSIONS
Observational data presented by Adelman-McCarthy et al. (2008) and studied by Klypin & Prada (2007) are viewed as evidence of the success of the ΛCDM model. However, the data are also in excellent agreement with the predictions of the parameter-free solutions of our modified gravity theory, without postulating a peculiarly distributed halo of exotic dark matter.
